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Introduction
MId-Pyrenean mountains have been affected by human activity to the pointthat, insomeareas, notonly vegetationcoverbut also microtopography and elementary drainage networks have been strongly modified.
The Implications of these changes In the hydrologlcal processes have been poorly described, and the available distributed or semi-distributed hydrologlcal models are inadequate in taking them into account as well. Furthermore, these geoecological systems have been organized with a great deal of manpower, which is also necessary to maintain its existence (see LASANTA et Ruiz, 1990) . Further evolution after land abandonment is of high environmental relevance, especially concerning water resources.
This paper aims to describe^the hydrological and sediment dynamics behaviourofasmallareaselected as a representative of recently abandoned mountain agricultural zones (LLORENS, 1991) prone to gully erosion and landsliding, to make some estimations on the hydromorphological changes introduced by terracing (LATRON, 1991 ) , and to infer some of the medium and long-term consequences of abandonment.
HYDROLOGY IN ABANDONED TERRACES
2. The study area 2.1.
Main characteristics:
The Cal Parisa basin is located at the headwaters of the Llobregat river near Vallcebre (Eastern Spanish Pyrenees), a very active area, prone to gully erosion and landsliding (see CLOTET et al., 1988 , BALASCH et al., 1992 This small basin, which takes the form of a south-east facing hillslope, occupies an area of 36 Ha ranging between 1400 and 1700 m a.s.I., with 70% of the total surface between 1420 and 1560 m. This is a second order basin that is constituted by two elementary basins of 16.7 and 19.3 Ha, subsequently referred to as left and right sub-basins.
The hillslope gradients range from 5 to over 70%, but almost 60% of the basin shows gentle gradients from 10 to 30%.
The basin enjoys a submediterranean climate where the main perturbations are brought about by the N-NW dominant winds (MARTIN-VIDE et al., 1989) . The mean annual precipitation measured between 1983 and 1990 at the "Instituto Meteorológico Nacional" station of Vallcebre-Rectoría (1119 m a.s.l.) is about 851 mm showing a great interannual variability (standard deviation of 206 mm). The annual distribution of precipitations shows 3 rainfall peaks in autumn, spring and august, the last one due to convective rainstorms ( fig. 1 (julio 1989 -diciembre 1990.) The main part of the basin lies on a smectite rich mudstone of the upper Cretaceous (Garumnian facies). In the upper part of the basin there is a massif lacustrine limestone bed folded into a nearly vertical plane.
The clayey bedrock has a silty texture due to its high calcite content, and shows a slaking behaviour which strongly contrasts with the high stability of the soils they develop (SOLE et al., 1992) .
Geoecological impact of landuse:
The human modifications made for the agricultural use of the basin induced important changes in vegetation cover, topography and water circulation.
The original forest cover {Quercus pubescens) was removed to permit the development of traditional agricultural practices, which reached their msoclmal expansion during the middle XIX century and lasted until the sixties when farming was substituted by extensive cattle stockbreeding. Nowadays half of the basin, roughly corresponding to the left sub-basin, is covered by mesophile and xerophile grasslands, typical of recently abandoned fields, with some small patches of hydrophile species. The remainder are marginal areas, earlier abandoned, overgrown with a Pinus sylvestris stand that tends to invade the neighbouring areas.
These agricultural practices also caused wide variations in the basin topography because of the construction of terraces, which made the work on this steep hillslope easier. Terraces show typically 3 to 6 m wide flat or gently dipping areas and steep banks sheltered by man-made stone walls. The total terraced surface represents about 40% of the total area and forms the main geoecological unit of the basin ( fig. 3 ).
Terraced topography promote the outcrop of phreatic waters in the inner parts of terraces, where there is no or very little soil, causing the development of areas almost always saturated. In order to drain such areas and to prevent wild runoff across the terrace system, a network of shallow man-made ditches was constructed increasing more than 50% the total length of the drainage net. 
Methods
Meteorological, hydrologícaland sediment transport monitoring design:
The Cal Parisa basin has been studied since 1988, but the instrumentation of the more man modified sub-basin (left one), in July 1989, has given a general pattern of the hydrological and sedimenttransport response (LLORENS, 1991) .
The instrumental design consists of (LLORENS & GALLART, 1992): -One meteorological station with global radiation, precipitation, air temperature and humidity, wind velocity and direction measurements.
-Three scattered rain-recorders.
-One hydrometrica! station based on a H flume with continuous recording of water discharge, temperature and conductivity.
-A sampling station with both a time-depending automatic sampler and a stage sampler.
All these instruments are connected to several data loggers that record the variables every five minutes.
Cartographical study of hydrological features:
Together with the instrumentation of the more man modified sub-basin, several cartographic works were made in order to describe some specific features of the whole basin.
Two main maps were drawn up, a saturated areas and drainage network map and a bare areas map.
a) The saturated areas and drainage network map: This map is based on the observation of the hydrophile (Mo//n/a coerulea) vegetation that grows on the frequently saturated areas, its typical yellowish colour in early autumn allows quite an accurate mapping of these areas. On this map ( fig. 4) we can obiserve that about 7 % of the total basin is often saturated. The origin of such saturated areas is the outcrop of phreatic waters induced in many cases by the crossing of the phreatic level by the terraced topography. In fact, it is possible to distinguish two types of saturated areas on the basin:
On the one hand, often bordering natural drainage axes, the natural saturated areas, whose presence is linked to natural characteristics of the basin as the gentle gradient or the hillslope bottom position.
On the other hand, the anthropic saturated areas, whose location and distribution is clearly related to the construction of terraces, in some contradiction with the original topography of the basin. In order to drain these anthropic areas, a network of man made ditches was constructed increasing about 50% the total network length as it appears on the map thatdifferentiates the types of drainage pathways found in the basin, b) The bare areas map: Obtained by photo-interpretation, guided by field observation, the bare areas map shows the spatial distribution of the areas where the clayey bedrock outcrops, promoting the occurrence of intense erosion processes that lead to a microtopography of rills and small gullies. These areas, which constitute the main source of sediments in the basin, can be divided in two classes:
The two shallow landslides (mudflows) scars triggered by the extreme event of November 1982 , these occurred at the foot of the limestone cliff, on the very steep rectilinear hillslope. These two scars, that have an area of respectively 0.06 and 0.05 Ha, have shown a tendency towards linear erosion rather than rim retreat.
The other bare areas are much smaller and characterized by a very scattered vegetation cover growing on a silty bedrock where stonepavements are abundant.
Both georeferenced maps were digitized and entered in a Geographical Information System (ERDAS) in order to allow their confrontation with other kinds of information like the one delivered by D.T.M. also available on ERDAS.
This D.T.M. of the basin was obtained at the Institut Cartogràfic de Catalunya, by photogrammetry (using the automatic correlation system 
Results
Hydrological response:
The monthly amounts of precipitation, during the studied period (July 1989 -December 1990), ranged from 1 mm to more than 150 mm. Half the total precipitation of this period was collected during 5 months only ( fig. 6 ). For the left sub-basin nearly 90% of the total runoff was produced in 6 months only, with a mean runoff coefficient as low as about 14% for these months ( fig. 7 ). This high variability is even more clear if we consider that during these 6 months, all the runoff (92%) is produced by only one monthly event.
Rainfall distribution is one of the main factors which induce the higher variability of the hydrological response of the monitored sub-basin. The need for other factors to explain the runoff variability is demonstrated by the differences between the range of monthly contributions to rainfall and runoff (compare figs. 6 and 7).
On a monthly scale, if the role of precipitation in runoff generation is analyzed, we observe that runoff is only produced during months with more than 12 days of rainfall and with a monthly rainfall volume per rainy day greater than 5 mm óay\ But there are also few months above this threshold that do not produce runoff, showing again that the hydrological response of the sub-basin can not be explained only in terms of a rainfall-runoff relationship ( fig. 8) .
On an event scale, three simple rainfall-runoff models have been tested on the left sub-basin: the constant runoff coefficient, the Phi-index (see SINGH, 1988) , and the constant loss (STEPHENSON & MEADOWS, 1986) . Although the best results are provided by the constant runoff coefficient model (with a mean runoff coefficient of 24.8% calculated from the 6 events that produced 92% of the total runoff recorded during the study period), it does not give adequate results for the prediction of runoff during summer events, when the measured runoff coefficient is much lower than the fixed one ( fig. 9 ). Summer rainstorms up to 60 mm (58 mm in 26 hours, corresponding to two showers of 31 and 27 mm lasting 1 and 2 hours respectively, at 2 PM in two successive days) did not produce any runoff at the outlet, suggesting a clear influence of the previous moisture conditions of the sub-basin. The differences in previous conditions induce a great variability in rainfall volume before runoff is generated (ranging from 2 mm to 40 mm) and also of the response time of the sub-basin. However, as soon as runoff is produced, the sub-basin shows a fairly similar hydrological response for all the observed events, characterized by one or few sharp peaks, the main one (typically Q""^ > 120 Is"^) flowing out about half of the total runoff ( fig. 10) .
This set of hydrological features would indicate that for this sub-basin runoff generation is linked to saturation processes instead to Hortonian ones. In spite of the clayey character of the soils, their good structure and 
Sediment dynamics:
A preliminary Sediment Budget of the studied left sub-basin was carried out at four levels which are: first, a description of the sediment source and sink areas; second, evaluation of erosion rates in source areas; third, characterization of transport processes and sediments transfers; and last, assessment of sediment exportations.
As described before, sediment source areas represent, in terms of surface, only about 2% of the sub-basin. In spite of this, they play an important role in the short-term sediment budget and geomorphological evolution, mainly the landslide scars, due to the linear erosion processes that are developed causing an evolution towards gullied areas with relevant erosion rates. The remainder of the basin, mainly on vegetated terraces does not produce significant amounts of sediments.
The main sediment sink areas are located just at the foot of sediment source areas; this situation illustrates that, although erosion rates in landslide scars and small bare areas are significant, there is a high transfer discontinuity in the sub-basin. The sediments supplied by the source areas are therefore transported less than a hundred meters and deposited there. This interruption of sediment conveyance is due to marked discontinuities in topography and vegetation, the change in slope gradient and also the presence of grass vegetation, which occurs on the edge between a bare area and a terrace, blocks running waters and produces their infiltration and the deposition of the sediments they carry. Another factor, closely related to the previous one, which impedes sediments reaching the sub-basin outlet, is that most of the more productive source areas are disconnected from the drainage net. On the other hand, the drainage net itself shows long itudinal discontinuities of gradient and channel shape; well defined channels with active incisions alternate with wider and gentler vegetated poorly defined reaches where sediments are deposited.
The evaluation of erosion in landslide scars provide a mean erosion rate for these areas of about 33 mm year^ (LLORENS &. GALLART, 1991 ) . On the other hand, erosion rates measured by CLOTET et al. (1988) in neighbouring badland areas contribute to the establishment of a medium-term erosion rate of the small bare areas of about 9 mm year\ These erosion rates represent a sediment production of about 61 t year^ for the sub-basin (191 year' produced in the whole scattered bare areas and 42 t year' in the two landslide scars).
As illustrated before, from field evidence this amount of sediment produced is not expected to reach the basin outlet because of the lack of significant sediment transfer.
On the other hand, the analysis of the main hydrological and sediment transport events, produced during the study period (LLORENS, 1991 ) , indicates that the pattern of solids export is clearly dominated by dissolved solids transport (TDS), that is 4 times greater than suspended solids transport (TSS) and about 100 times greater than bedload ( fig. 11 ). This represents a total annual exportation of solids of about 3 tn year' (being 2.6 tn year' the contribution of dissolved solids). An explicit representation of the sediment budget for the studied subbasin is presented in figure 12 . As commented before, this figure clearly illustrates that sediment coming from grassed terraced area is irrelevant, in contrast with the important erosion rates in bare areas and also the marked sediment conveyance discontinuities.
Although the sub-basin sediment yield is more representative of forested stable areas than of those affected by human activities and prone to badland development, the sediment volume eroded and conveyed in the sub-basin is significant and manifests that in the present-day conditions the basin is far from equilibrium.
hydro-morphology:
Using the G.I.S., the superposition of the Topographical Index map with the digitized saturated areas map has given some interesting results. It appears that in the basin the Topographical Index of these frequently saturated areas ranges from 5.4 to 13.9 with a maximal frequency for a value of 6.7.
The distribution of the saturated areas in terms of the Topographical Index is not a normal one, but shows a marked bimodal nature which is even more clear if we divide each relative frequency by the frequency of its corresponding Topographical Index value in the basin, as is illustrated by the test of the probabilistic plot ( fig. 13) .
Then, if we distinguish the two types of saturated areas (natural or anthropic) defined on the map, we observe (figs. 13 and 14) that each of the two peaks of the bimodal distribution is formed by the nearly normal distribution of one type of saturated areas.
The first peak is formed by anthropic saturated areas having a relatively low Topographical Index, about 7, while the second one is made by the natural saturated areas characterized by aTopographical Index of about 10.
On the basis of this bimodal distribution we can judge that the construction of terraces has promoted a reorganisation of the distribution of the saturated areas, shifting it from a natural one, mainly controlled by the original topography, to a more anthropic one which shows the role of the new terraced topography and its associated artificial drainage net. Continuing with the use of the G.I.S., it is possible to determine some characteristics of the saturated areas, and to bring out differences between the natural and the anthropic ones.
The overlap of the saturated areas map with the maps of altitude and gradient, shows that anthropic saturated areas are generally found in more http://pirineos.revistas.csic.es extreme topographic conditions(atahigher altitude and on steeper hillslopes) than the natural ones that occupy more moderate situations.
The explanation for this is obviously the need, in order to cultivate these extreme topographic conditions, to build terraces higher on the hillslope. The subsurface water circulation is then changed, promoting the apparition of phreatic water and consequently modifying the spatial distribution of the saturated areas along the hillslope.
Finally the G.I.S. allowed us, by comparing the bare areas map with the saturated areas map, to estimate the role of saturated areas and drainage ditches in the development of local erosion processes.
Most saturated areas are located in the inner part of terraces where soils, when they exist, are very thin, thus promoting the outcrop of the clayey bedrock, characterized by a weak structural stability. Therefore any water concentration is able to develop some erosion processes in such areas where bedrock is not protected by soils.
This sensitivity to erosion even increases when the saturated area is connected to a drainage ditch, irrespective of the lack of a good sediment transfer because of the irregularities of the net.
Due to land abandonment and to the absence of maintenance, most of drainage ditches nowadays act in an anarchic way, promoting the apparition of non controlled concentrated runoff. This concentrated runoff is therefore the origin of future serious erosion processes, as it tries to find a way imposed bytheoriginaltopographyofthe basin through its present terraced topography.
In the Cal Parisa basin more than 17% of the total bare area is directly located in a saturated area or on an elementary drainage axe. Among this 17%, only one third concerns natural saturated areas or natural drainage axes, stressing the importance of the anthropic drainage system in the apparition of erosion processes.
Discussion and conclusions
The above observations suggestthat modifications produced by terracing enhance a quick response of the basin because of the outcrop of phreatic waters on the inner part of the terraces, and the conveyance of runoff by the net of ditches. On the other hand, however, water retention may have been increased by terracing because of the formation of deeper soils with a more open structure. More research is needed to describe the stockage and movement of the water within the terraces and to understand the behaviour of saturated areas throughout the year and during rainfall events.
Sediment yield from this basin is very low, showing that terracing is an efficient land conservation system, with low sediment yield and able to buffer sediment transport coming from small but very active areas. The artificial drainage net is perceived as the critical subsystem, suffering the higher hydrological and geomorphical work, to the point that it could produce Nevertheless, the present-dayhydrological and gebmorphical behaviour of this basin is only a point within a transition between an older behaviour strongly influenced by the human activity, and a forthcoming behaviour after some new equilibrium with natural conditions will be reached.
The period of the first few years after abandonment, which has been here studied, is probably indeed the most stable, because of the growth of permanent vegetation (dense pastures, bushes and pine trees) on the formerly cultivated fields, with the permanence and activity of the old land conservation structures. The lack of maintenance of terraces and ditches can lead first to an increase of the general phreatic level (higher risk of mass movements) and afterwards to a rearrangement of the drainage net (risk of gulling).
As well as the problems of land conservation and geomorphic hazards, it can be presumed that spontaneous substitution of fields and pastures by a dense forest cover will reduce runoff contribution from these areas because of a significant increase of interception losses (see CALDER, 1991 ).
